tein kinase C (aPKC) isoforms mediate insulin effects on glucose transport in muscle and adipose tissues and lipid synthesis in liver and support other metabolic processes, expression of enzymes needed for islet insulin secretion and hepatic glucose production/release, CNS appetite suppression, and inflammatory responses. In muscle, selective aPKC deficiency impairs glucose uptake and produces insulin resistance and hyperinsulinemia, which, by activating hepatic aPKC, provokes inordinate increases in lipid synthesis and produces typical "metabolic syndrome" features. In contrast, hepatic aPKC deficiency diminishes lipid synthesis and protects against metabolic syndrome features. Unfortunately, aPKC is deficient in muscle but paradoxically conserved in liver in obesity and type 2 diabetes mellitus; this combination is particularly problematic because it promotes lipid and carbohydrate abnormalities. Accordingly, metabolic effects of aPKCs can be "good" or "bad," depending upon nutritional status; thus, muscle glucose uptake, islet insulin secretion, hepatic glucose and lipid production/release, and adipose fat synthesis/ storage would be important for survival during periods of limited food availability and therefore be "good." However, during times of food surfeit, excessive activation of hepatic aPKC, whether caused by overnutrition or impairments in extrahepatic effects of insulin, would lead to inordinate increases in hepatic lipid synthesis and metabolic syndrome features and therefore be "bad." In keeping with these ideas, the inhibition of hepatic aPKC markedly ameliorates lipid and carbohydrate abnormalities in experimental models of obesity and type 2 diabetes. We postulate that a similar approach may be useful for treating humans.
ATYPICAL PROTEIN KINASE C (aPKC) isoforms, aPKC, -, and -, are members of the phospholipid/lipid-regulated PKC family that are activated by acidic phospholipids, phosphatidylinositol-1,3,5-(PO 4 ) 3 (PIP 3 ), and phosphatidic acid (PA) rather than by the neutral lipid, diacylglycerol (DAG), and Ca ϩϩ , which activate "typical" PKCs. However, it is a misnomer to consider aPKCs as "atypical" relative to typical DAG-dependent/Ca ϩϩ -dependent classical/conventional PKCs (cPKCs␣, -␤, and -␥) and DAG-dependent/Ca ϩϩ -independent novel PKCs (nPKC␦, -ε, -, and -). This nomenclature reflects the historical order of discovery of cPKCs, nPKCs, and aPKCs rather than their biological importance. Indeed, aPKCs are archetypal protein kinases that have widespread occurrence throughout plant and animal kingdoms and are indispensable in a wide variety of essential cellular functions independent of typical PKCs.
aPKCs participate importantly in regulating multiple cellular processes pertinent to this review, including 1) determination of cellular polarity and related functions, i.e., motility, adhesion, differentiation, and embryogenesis; 2) activation of the immune response transactivator NF-B via aPKC-dependent phosphorylation of both IKK␣/␤ (24), a kinase that phosphorylates the inhibitor of B (IB), a tonic binder and inhibitor of NFB, thereby releasing and targeting IB for ubiquitinylation-mediated destruction and thereby freeing NF-B to translocate from cytosol to nucleus, and Thr 311 in the RelA subunit of NF-B, which regulates the transcription of an array of genes involved in production of cytokines that not only mediate inflammatory/immune responses (14) but can also increase systemic insulin resistance (12); 3) signaling by various growth factors, including IGF-I and insulin, that act through phosphatidylinositol 3-kinase (PI3K) to activate both aPKC and Akt/ PKB (5) and thereby control various metabolic processes, including glucose transport in myocytes and adipocytes by increasing GLUT4 glucose transporter translocation to the plasma membrane (5, 15, 23, 38) , and lipogenesis in liver by increased expression/activation of sterol receptor elementbinding protein-1c (SREBP-1c), which transactivates multiple lipogenic enzymes (30, 53) ; 4) cell growth by activation of ERK1/2 and other MAPKs (39, 20) and/or cyclin-dependent kinase-activating kinase (9); 5) protein synthesis by activation of p70 S6 kinase (35); 6) regulation of genes required for critical pancreatic islet ␤-cell functions, including insulin production and release (19) ; and 7) signaling downstream of other signaling factors, e.g., Src kinase (20) , phospholipase D (PLD) (17, 13) , proline-rich tyrosine kinase 2 (13) , and AMP-activated kinase (AMPK) (13) . The ability of aPKCs to bind Par6 and other key scaffolding molecules in signaling complexes and the movement of activated aPKCs to the plasma membrane and nuclear sites undoubtedly are important events in explaining the pleiotropic effects of aPKCs.
Here, we will focus on the role of aPKCs in metabolic processes, most notably insulin actions on carbohydrate and lipid metabolism and insulin secretion, in both health and disease states of obesity and diabetes mellitus. As this review unfolds (see Table 1 ), it will become apparent that aPKCs are likely to have served in metabolic processes essential for survival during periods of limited food intake but unfortunately have detrimental effects when activated more persistently during periods of dietary excess.
aPKC Isoforms in Tissues of Various Species
PKC is the human equivalent of mouse PKC (98% homology), and these isoforms most likely function comparably if not identically in their respective species. In addition, PKC and PKC share 70% overall homology with PKC, particularly in functionally important domains. This homology accounts for 1) how PKC functions interchangeably with PKC/ in many, albeit not all, biological processes and 2) why expression of active or inhibitory forms of one aPKC isoform can promote or inhibit the activation and function of other aPKC isoforms.
Relevant to metabolic functions in specific tissues of commonly used experimental rodents, as deduced from studies in knockout mice (15) , in muscle and adipocytes PKC is more abundant than PKC, and knockout of PKC has little or no effect on aPKC levels in these tissues. However, in rat muscle and adipocytes, PKC is the more abundant isoform (1). Accordingly, mouse-derived 3T3-L1 adipocytes contain exclusively or primarily PKC (23, 28) , and rat-derived L6 myotubes contain exclusively or primarily PKC (1, 38) .
In contrast to muscle and adipocytes, mouse liver contains substantial amounts of both PKC and PKC (30, 42) . On the other hand, there is little or no information on relative amounts of aPKC isoforms in rat liver, or in pancreatic islet ␤-cells of any species, or in tissues of nonhuman primates.
In human muscle, adipocytes, and liver, PKC mRNA levels are much greater than PKC mRNA levels, and therefore, we suspect that PKC is the more abundant isoform, but definitive information on protein levels is still lacking.
aPKC Structure/Activity/Function Relationships Like cPKCs and nPKCs, aPKCs have classical bilobar kinase folds, and activation requires phosphorylation of both 1) the activation loop or T-loop site (Thr 403 in PKC, Thr 410 in PKC, and Thr 411 in PKC; unless otherwise specified, the numbering of human PKC will be used), probably exclusively through the action of phosphoinositide-dependent kinase-1 (PDK1); and 2) Thr 555 in PKC (Thr 560 in PKC), the auto-(trans)phosphorylation site in the turn motif that stabilizes an active conformation of the catalytic subunit (31) .
aPKCs share considerable homology with cPKCs and nPKCs in conserved (C) regions C1, C3, and C4 but lack a C2 region that mediates Ca ϩϩ binding and have a single Zn finger-like domain in C1 instead of the tandem domains in cPKCs and nPKCs that are required for activation by DAG and phorbol esters (PEs). The variable (V) regions of aPKCs, V1 and V3 at NH 2 terminus and hinge regions, respectively, lack significant homology with cPKCs and nPKCs. Interestingly, arginine residues that surround a pocket in the C1 region of aPKCs limit the interaction of DAG with an otherwise potential activation site in this pocket and may account for insensitivity of aPKCs to DAG and PE (34) . Analogous to cPKCs and nPKCs, various lipids and phospholipids bind to sites in the C1 region and modulate activity as well as provide an appropriate membrane-like milieu needed for activation; this may account for the need to add phosphatidylserine (PS) to observe fully aPKC activity in cell-free assays.
Activity of aPKCs is tonically inhibited by an interaction between key residues in the pseudosubstrate sequence in the regulatory domain and the substrate-binding site of the catalytic domain (see Fig. 1 ). Most likely, this interaction is 
Nutritional deficiency
Glucose transport in muscle (energy supply and glycogen storage) Glucose transport in adipocytes (energy supply and lipid storage) Insulin production and release in islets (utilization and storage of foods) Lipid synthesis in liver (synthesis and release of lipids/energy supply) Maintaining PEPCK and G-6-Pase in liver (glucose production and release/energy supply) NF-B-dependent cytokines in liver and/or macrophages (immune mechanisms)
Nutritional excess (with hyperinsulinemia)
Glucose transport in muscle (energy supply) SREBP-1c-mediated lipid synthesis in liver (excessive synthesis and release of lipids) Glucose transport in adipocytes (energy supply and lipid storage) NF-B-dependent cytokines in liver and/or macrophages (insulin resistance?) Insulin production and release in islets (utilization/storage of foods)
Maintaining PEPCK and G-6-Pase in liver (glucose production and hyperglycemia) NF-B-dependent cytokines in liver and/or macrophages (immune mechanisms) dependent upon one or more of the basic arginine residues in the pseudosubstrate sequence that are analogous to the arginine residues that flank serine and threonine phosphorylation sites of aPKC substrates. As depicted in Fig. 1 , acidic phospholipids such as PIP 3 (derived from conversion of PIP 2 to PIP 3 by PI3K, e.g., as occurring during insulin action) and PA (derived from PLD action on various phospholipids or from de novo phospholipid synthesis) most likely bind to undefined basic arginine residues in or near the pseudosubstrate site and thereby activate the enzyme by promoting 1) molecular unfolding, 2) dissociation of the pseudosubstrate sequence from the substrate-binding site, and 3) opening of the critically needed phosphorylation sites at Thr 403 and Thr 555 (25, 47) . PKC can also be phosphorylated on tyrosine residues 256, 271, and 325, which may account for the direct activation of aPKC by Src kinase (58) . AMPK, which activates glucose transport via aPKC (see below), also directly phosphorylates purified PKC, and it was postulated that AMPK directly phosphorylates Thr 410 , the activation loop site in PKC, presumably independently of PDK1, and this leads to activation (18) . However, neither the direct phosphorylation of Thr 410 nor increases in enzyme activity of PKC were reported (18) , and it is also noteworthy that Thr 410 phosphorylation only partially activates aPKC (47, 48) . Moreover, we recently found that, as with insulin, 1) PDK1 is required for AMPK-induced increases in Thr 410 phosphorylation and PKC activation and increases in glucose transport in L6 myotubes and that 2) purified PDK1, but not AMPK, increases Thr 410 phosphorylation and actual enzyme activity when incubated directly with purified PKC (see below). In this regard, aPKC activation by AMPK has also been suggested to require the activation of ERK and PLD, thereby generating PA (13) , and full effects of PA on aPKC activity most likely require auto(trans)phosphorylation as well as activation/T-loop phosphorylation. Accordingly, we believe that during AMPK activation, PLD-derived PA activates aPKCs by a mechanism analogous to that described above for PI3K-derived PIP 3 . On the other hand, the possibility remains that AMPKmediated phosphorylation of yet-to-be-determined sites may cause aPKC unfolding and facilitation of PDK1-dependent phosphorylation and other activating steps.
During activation, aPKCs recruit/bind scaffolding proteins required for subsequent actions, including the -interacting protein, ZIP/p62, Par6, Par4, other Pars, -inhibitory protein, LIP, and MEK5, and these interactions are dependent on acidic residues in the aPKC protein-binding Phlox Bem-1 (PB1) domain that interact with basic residues of PB1 domains in targeted proteins (21) . Interestingly, in high-throughput screening for therapeutic agents to inhibit PKC and thereby diminish tumor progression, Stallings-Mann et al. (45) , using a novel assay, identified two gold-containing substances, viz., aurothiomalate and aurothioglucose, that inhibit the interaction of the PB1 domain of PKC with Par6 and thereby interrupt PKC signaling to a pathway that includes small G protein Rac1, p21-activated kinase, and MAPK and is required for tumor progression. One of these substances, aurothiomalate, is a currently used pharmaceutical that improves inflammatory components of rheumatoid arthritis. The other substance, aurothioglucose, is an experimental compound that, by virtue of its glucose moiety, selectively inhibits or destroys glucoreceptor neuronal cells in ventromedial hypothalamic region of the central nervous system (CNS), thereby causing hyperphagia, obesity, and glucose intolerance. Both agents are capable of inhibiting certain functions of aPKCs, most likely by interaction of the gold compound thiol groups with cys-69 (PKC numbering) of the PB1 domain, as discussed further below. What other functions that are subserved by this or other signaling/scaffolding complexes are unknown.
Other phosphorylation sites that may contribute to aPKC activation include Ser 35 and Ser 37 in the PB1 domain and Ser 217 , Ser 237 , and Ser 238 in the catalytic domain (29) . Interestingly, replacement of Lys 274 in the catalytic domain of PKC, essential for ATP binding and enzyme activity, with arginine does not result in inhibition, although comparable replacements inhibit activity of cPKCs and nPKCs; in contrast, replacement of Lys 274 with tryptophan inhibits activity of aPKCs, cPKCs, and nPKCs (44) .
Upstream Activators of aPKCs
Insulin activates aPKCs by PI3K-mediated increases in PIP 3 , but there are tissue-specific differences in the insulin receptor substrates (IRS) responsible for PI3K activation. Briefly, from studies in which IRS-1 or IRS-2 has been knocked out by recombinant, Cre-LoxP, or RNAi-knockdown methods, the following conclusions have been drawn: aPKC activation is controlled in muscle by IRS-1 (41) , in liver by IRS-2 (36, 56) , and in adipocytes by both IRS-1 and IRS-2 (32, 41). Partly similar and partly different, Akt activation is controlled in muscle by IRS-1 (41, 59) , in liver by both IRS-1 and IRS-2 (41, 55, 56) , and in adipocytes by either IRS-1 or IRS-2 (32, 41).
Measurement of aPKC Activity
To determine definitively whether aPKC has been activated, we have relied largely on actual measurement of enzyme activity in aPKC-specific immunoprecipitates, as described in our original studies (5, 49) . In this assay, we have used an antiserum that recognizes an epitope that is present in the COOH terminus of all aPKCs. Importantly, even with amounts of antiserum considerably beyond the recommendations of the supplier, we have been able to immunoprecipitate only modest fractions of the total aPKC, and this results in recovering equal amounts of total aPKC in the immunoprecipitates, regardless of total aPKC levels in the lysates being assayed; thus, this assay reflects enzyme-specific activity. Equally important, it is necessary to assay all samples undergoing comparison, control and treated, within the same assay, usually in triplicate or quadruplicate. In the assay, in brief, the washed immunoprecipitates (i.e., containing aPKCs bound to antibodies and Sepharose AG beads) are incubated with [␥ 32 P]ATP, MgCl 2 , PS, and, as substrate, a synthetic peptide containing the PKCε pseudosubstrate sequence with a phosphorylatable serine residue flanked on both sides by arginine residues, as in typical aPKC substrates.
Unlike Akt, whose activation is easily measured by simple Western analysis of the status of the PDK2-dependent phosphorylation site, viz., Ser 473 , we have not had satisfactory antibodies available to measure the equivalent activation site in aPKCs, i.e., the auto(trans)phosphorylation site. Moreover, with respect to the activation/T-loop site, satisfactory antibodies are available, but in some but not all tissues it is necessary to first immunoprecipitate aPKCs before Western analysis because an epitopically similar phosphopeptide sequence is present in other cPKCs that migrate at 80 kDa, in particular, PKC␤. Moreover, in some situations, the activation/T-loop site is constitutively phosphorylated, and insulin only regulates subsequent steps. These limitations in enzyme measurement are undoubtedly responsible for many investigators to evaluate insulin signaling by simple measurement of Akt phosphorylation by Western analysis, and this has slowed progress in expanding our knowledge of aPKC activation and action.
Methods to Evaluate aPKC Function
Efforts to evaluate aPKC-dependent functions in target tissues have revolved largely around using chemical inhibitors or plasmids or viruses encoding wild-type, constitutive, and kinase-inactive forms of aPKCs. In plasmid-and viral-mediated expression approaches, because of evolutionary conserved functional groups essential for activation and function, aPKC, -, and -can be used interchangeably to alter shared functions, regardless of the native aPKC isoform (4, 38). In addition, aPKC mRNA and/or protein levels can be diminished by treatment with interfering RNA (iRNA), or short hairpin RNA (shRNA) (e.g., see Ref. 38) , and by gene knockout methods (see below).
Inhibitors of aPKC
Nonspecific PKC inhibitors, such as staurosporin, RO 31-8220, GF-109203X, and calphostin C, inhibit aPKCs when used in relatively high concentrations, but their usefulness is limited by more potent inhibition of cPKCs and nPKCs. A more specific means to inhibit aPKCs is to use the myristoylated cell-permeable peptide that contains the pseudosubstrate sequence common to all aPKCs. However, at higher concentrations, this peptide also inhibits cPKCs and nPKCs; this problem can be diminished by downregulation of cPKCS and nPKCs by prolonged PE treatment.
With knowledge of the crystal structures of aPKCs (e.g., see Refs. 16, 21, 33, and 45), virtual screens have been performed to identify compounds that specifically bind to and inhibit functionally important sites. For example, substances targeting the substrate-binding site (33) and a scaffolding site in the PB1 domain (16, 45) of PKC have been discovered, and we have found that these substances specifically inhibit insulin-stimulated aPKC (but not Akt) activation and aPKC-dependent functions in various tissues.
Experimental Mouse aPKC Knockout Models
In mice, despite the presence of PKC, total body knockout of PKC is embryonically lethal at developmental day 9, and this experimental approach is not feasible. However, with Cre-lox methodology, it has been possible to generate mice with a loss of PKC in specific tissues. Knockout of PKC specifically in muscle, either homozygously or heterozygously, elicits marked decreases in insulin-simulated glucose transport specifically in muscle, and this isolated signaling defect leads to a syndrome comparable with the human "metabolic syndrome," or "Syndrome X," that includes systemic insulin resistance, hyperinsulinemia, glucose intolerance or mild diabetes, abdominal obesity, hyperlipidemia, and hepatosteatosis (15) . Apparently, hyperinsulinemia in these knockout mice increases hepatic lipogenic enzymes through increased expression and activity of SREBP-1c, which controls the expression of multiple enzymes engaged in hepatic lipid synthesis, thereby leading to hepatosteatosis, hyperlipidemia, and provision of circulating substrate for subsequent storage in fat depots, most noticeably in the abdomen. This model is particularly relevant, since the partial deficiency of PKC in heterozygous musclespecific PKC knockout mice is similar to the partial deficiency of aPKC (involving both PKC and PKC) observed in muscles of type 2 diabetic humans (6, 7, 22) . Accordingly, this mouse model of heterozygous muscle-specific PKC knockout should be useful for developing new treatments for the metabolic syndrome and type 2 diabetes. In this regard, note that specific inhibition of hepatic aPKC by adenoviral-mediated expression of kinase-inactive PKC in both heterozygous muscle-specific PKC knockout mice and high-fat-fed mice diminishes the inordinate activations of hepatic SREBP-1c and NF-B, and decreases in these activities are attended by rapid and dramatic improvements in hyperinsulinemia, hepatosteatosis, hyperlipidemia, and insulin signaling in muscle (42) .
Much different from the insulin resistance seen with musclespecific knockout of PKC, liver-specific knockout of PKC in mice diminishes insulin-dependent activation of hepatic SREBP-1c, and this is accompanied by a decrease in hepatic lipid content and an increase in systemic insulin sensitivity (30, 42) . However, it is uncertain whether the latter increase in systemic insulin sensitivity is due to diminished output of hepatic lipids that impair insulin signaling in peripheral tissues or to diminished activation of other hepatic aPKC-dependent factors that may similarly diminish insulin sensitivity, in particular NF-B (12), which controls inflammatory cytokine production. Perhaps diminished hepatic activities of both SREBP-1c and NF-B contribute to the increases in systemic insulin sensitivity owing to decreases in hepatic aPKC activity caused either by gene knockout (30, 42) or treatment with adenoviruses encoding kinase-inactive aPKC (42, 36) .
Of further note in discussing experimental knockout approaches, the knockout of PKC-specifically in mouse pancreatic islet ␤-cells leads to diminished expression of enzymes required for insulin synthesis and secretion (19) . This defect in ␤-cell integrity and insulin secretion might be expected to produce a diabetic state in these knockout mice, but phenotypic information is lacking. In addition to this long-term requirement for aPKC to maintain overall islet ␤-cell function, aPKC is required during the acute insulin secretory response to carbachol (52) .
Finally, analogous to muscle-specific PKC-knockout mice, we have developed mice with adipocyte-specific knockout of PKC, and these mice have diminished glucose transport responses to insulin in adipocytes and normal insulin actions in muscle and liver (unpublished observations). These adipocytespecific PKC knockout mice have mild glucose intolerance but, unlike muscle-specific PKC-knockout mice, do not develop obesity or hyperlipidemia, perhaps reflecting a failure to develop increases in either serum insulin levels or hepatic SREBP-1c expression.
aPKC Requirement in Insulin-Stimulated Glucose Transport
Multiple lines of evidence demonstrate that aPKCs are required for insulin-stimulated translocation of GLUT4 glucose transporters to the plasma membrane and subsequent increases in glucose transport in adipocytes and myocytes. This conclusion derives most notably from studies of 1) adenoviralmediated expression of kinase-inactive forms of aPKC in cultured 3T3-L1 adipocytes (2, 5, 23), L6 myotubes (1), and human adipocytes (2); 2) iRNA-mediated aPKC knockdown and subsequent aPKC-mediated rescue of function in 3T3-L1 adipocytes and L6 myotubes (38) ; and 3) tissue-specific knockout of aPKC in mouse muscle (15) and adipocytes (unpublished observations).
Factors that operate downstream of aPKC during GLUT4 glucose transporter translocation are only partly understood. Although functional significance of localization is uncertain, aPKCs are present in immunoprecipitated GLUT4 vesicles and translocate to plasma membranes during insulin stimulation (48) . Upon activation by insulin, GLUT4 vesicles are transported from an intracellular insulin-responsive compartment along microtubules through the actin cytoskeleton to the plasma membrane, where a complex forms between soluble N-ethylmaleimide-sensitive attachment receptor (SNARE) proteins present on the surfaces of plasma membranes (target SNAREs) and GLUT4 vesicles (vesicle SNAREs). In this scheme, vesicle-associated membrane protein 2/synaptobrevin, the vehicle SNARE in GLUT4 vesicles that attaches to the target SNARE syntaxin 4 on the inner surface of the plasma membrane, has been found to be phosphorylated by aPKC during insulin action (10). Furthermore, Munc18c, which is attached to syntaxin 4 and, along with other proteins, inhibits attachment of vesicle-associated membrane protein 2 and other soluble N-ethylmaleimide-sensitive fusion protein attachment proteins required for vesicle docking and subsequent fusion of GLUT4 vesicles to the plasma membrane, is phosphorylated by PKCs and thereby released from syntaxin 4. In this regard, an 80-kDa protein appears to serve as a link between aPKC and Munc18c during insulin-induced translocation of GLUT4 vesicles to the plasma membrane (43) . In addition to these docking mechanisms, aPKC appears to be required for alterations in cytoskeletal actin required during GLUT4 vesicle translocation (27) ; however, the aPKC-regulated molecular factors required in actin remodeling are unknown. In addition to aPKC, several small G proteins and Akt are corequired for insulin-induced translocation of GLUT4 vesicles to the plasma membrane; this is not surprising given the complexity of the translocation process.
Role of aPKC in AMPK-Stimulated and Exercise-Stimulated Glucose Transport
Like insulin, the AMPK activator 5-aminoimidazole-4-carboxamide-1-␤-D-riboside (AICAR) increases GLUT4 translocation and glucose transport in skeletal muscle, but unlike insulin, these effects of AICAR are elicited independently of PI3K. Nevertheless, studies of AICAR action in L6 myotubes have shown that, as with insulin, aPKC is required for increases in glucose transport (13) . More recently, using a variety of methods (RNAi-mediated aPKC knockdown, expression of kinase-inactive forms of aPKC, PDK1, and AMPK), we found that both AICAR and the antidiabetic agent metformin activate aPKC via AMPK by a PDK1-and ERK-dependent mechanism and, moreover, provoke aPKCdependent increases in GLUT4 translocation and glucose transport in L6 myotubes (37) . In addition, despite activating AMPK and ERK, AICAR and metformin failed to increase glucose uptake in muscles of muscle-specific PKC-knockout mice (37) . These findings in PKC-knockout mice suggest that in intact mice, as in cultures of rat-derived L6 myotubes, aPKC functions downstream of AMPK and ERK during actions of agents that activate muscle AMPK. On the other hand, treadmill exercise, which, like AICAR and metformin, activates both AMPK and aPKC in muscle, elicited full glucose transport effects in muscles of these same PKC-knockout mice (37) . These findings suggest that exercise-induced increases in AMPK and aPKC are not required for increases in glucose transport in muscle but may nevertheless serve as a redundant mechanism. Of further note, unlike the situation in skeletal muscle, AICAR and metformin activate AMPK, but not aPKC, in rodent liver (37) . Although the explanation for this tissue specificity is unclear, this fortuitous dissociation of aPKC from AMPK activation in the liver is important since activation of hepatic aPKC would provoke undesirable increases in lipogenesis, an outcome that fortunately does not occur during metformin action.
aPKC Requirements During Activation of Hepatic SREBP-1c
In liver, insulin is a major regulator of expression of SREBP1c, which controls the expression of an array of enzymes engaged in lipid synthesis, including, for example, fatty acid synthase (FAS) and acetyl-coenzyme A carboxylase (ACC). In situations of limited or infrequent food availability, as in ancient huntergatherer populations, this function is most likely of critical importance for converting dietary carbohydrate and lipid precursors into circulating lipids, e.g., fatty acids and triacylglycerols, which are subsequently hydrolyzed as needed, cleared, and stored along with glucose-derived glycerol-phosphate in fat depots. However, in situations wherein food supply is overly abundant, as in present Western societies, this feeding/insulin-dependent function can be excessive and lead to hepatosteatosis, hyperlipidemia, obesity, insulin resistance, and, presumably, other "metabolic syndrome" features. However, also note that the development of metabolic syndrome features can also ensue in situations wherein systemic insulin resistance and hyperinsulinemia are provoked by a defect in insulin signaling in muscle, e.g., as seen in muscle-specific PKC-knockout mice (15) . As discussed below in greater detail, comparable defects in muscle aPKC are seen in human forms of obesity and type 2 diabetes, but it is uncertain whether these defects in humans are dependent or independent of excessive food intake. In either case, the excessive action of insulin, whether caused by excessive food intake or impaired action of insulin in extrahepatic tissues, or both, is exceedingly prevalent in Western populations and a major cause of cardiovascular morbidity.
Although expression of hepatic SREBP-1c is controlled largely by aPKC (30, 36, 42, 53) , Akt may also contribute. However, in livers of diabetic rodents (51) and in hepatocytes of type 2 diabetic humans (unpublished observations), whereas insulin activation of aPKC is conserved, Akt activation is diminished relative to that seen in nondiabetic rodents and humans. This divergence of Akt and aPKC activation in diabetic liver appears to reflect impaired activation of IRS-1-dependent PI3K, thus limiting Akt activation, but, on the other hand, sufficiently conserved activation of IRS-2-dependent PI3K, thus maintaining aPKC activation. Accordingly, in diabetic liver, aPKC is probably the major regulator of SREBP-1c. In concert with this idea, inhibition of hepatic aPKC in multiple rodent models of type 2 diabetes and obesity by expression of adenovirus encoding either kinase-inactive aPKC or an shRNA that targets IRS-2 leads to marked decreases in expression of hepatic SREBP-1c, FAS, and ACC, and this is accompanied by dramatic improvements in levels of hepatic and serum triacylglycerol, serum cholesterol, and serum nonesterified fatty acids (36, 42) . Moreover, these decreases in serum lipids are accompanied by increases in insulin signaling in muscle and decreases in hyperinsulinemia (36, 42) . Accordingly, it may be surmised that excessive activity of hepatic aPKC in hyperinsulinemic states plays a critical role in promoting the excessive activation of SREBP-1c and in provoking lipid-dependent metabolic syndrome features.
aPKC Requirements for Maintenance of Hepatic Phosphoenolpyruvate Carboxykinase and Glucose-6-Phosphatase
Hepatic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-Pase) promote gluconeogenesis and glucose release from the liver, i.e., functions particularly important for maintaining blood glucose levels during fasting. Insulin diminishes the expression of these enzymes during feeding primarily by activating Akt, which phosphorylates and inhibits forkhead transcription factors that maintain mRNA levels of PEPCK and G-6-Pase. The inhibition of expression of these enzymes is probably the most important mechanism used by insulin to regulate blood glucose levels, and this function is impaired markedly in diabetic liver, presumably owing largely to impaired Akt activation.
Although aPKCs do not mediate the lowering effects of insulin on expression of PEPCK and G-6-Pase (30, 53), we found, surprisingly, that the inhibition of hepatic aPKC by administration of adenovirus encoding kinase-inactive aPKC led to decreases in fasting levels of PEPCK and G-6-Pase mRNAs (42) . In other words, the inhibition of hepatic aPKC elicits insulin-like effects on these enzymes, which may be amplified further by insulin (42) . Accordingly, such decreases in PEPCK and G-6-Pase mRNAs induced by inhibition of hepatic aPKC may have contributed importantly to improvements in glucose tolerance and insulin resistance in diabetic and obese mice treated with adenovirus encoding kinaseinactive aPKC (36, 42) . Further studies are needed to determine whether aPKCs directly or indirectly alter hepatic genes that transcribe mRNAs for PEPCK and G-6-Pase.
aPKC and NF-B Activation
Whereas it has long been known that aPKCs serve as important mediators for increasing NF-B activity during activation of inflammatory responses (14, 24) , the fact that insulin as an aPKC activator is also capable of activating NF-B in some tissues, e.g., in whole liver, but not in muscle, was not appreciated until recently (36, 42) . As discussed, this activation of hepatic NF-B by insulin is most likely due to aPKC-mediated phosphorylation of 1) IKK␣/␤, which phosphorylates IB, thereby releasing NF-B to translocate to active nuclear sites (1); and 2) Thr 311 in the RelA subunit of NF-B (2). However, it is unclear whether insulin-stimulated activation of hepatic NF-B activation is occurring in parenchymal hepatocytes, reticuloendothelial Kupffer cells (i.e, macrophages), or both. Regardless of whether insulin-and feeding-induced increases in NF-B activity are occurring in hepatocytes or hepatic reticuloendothelial cells, the activation of NF-B is accompanied by increases in mRNA levels of hepatic cytokines such as TNF␣ and interleukin-1␤ (IL-1␤) (36, 42) and may therefore be contributing to increases in systemic insulin resistance (see Refs. 12, 36, and 42), as well as abetting inflammatory proatherosclerotic processes, in states of obesity and diabetes.
As discussed, we have observed increased activities of hepatic IKK␤ and NF-B and increased expression of TNF␣ and IL-1␤ in livers of hyperinsulinemic type 2 diabetic or obese rodents (36, 42) . Moreover, upon intravenous administration of adenovirus encoding kinase-inactive aPKC (thereby selectively inhibiting hepatic aPKC), the hepatic activities of IKK␤ and NF-B and the expression of hepatic TNF␣ and IL-1␤ return to normal (36, 42) , and these alterations are attended by marked improvements in insulin signaling in muscle and systemic insulin resistance; however, whether decreases in hepatic cytokines contributed to these extrahepatic improvements in these diabetes and obesity models is uncertain. Further studies are needed to see whether insulin activates aPKCs, IKK␤, and NF-B in extrahepatic macrophages and whether insulin may accelerate atherosclerotic/thrombotic tendencies through this mechanism.
aPKCs Requirements for Pancreatic Islet ␤-Cell Integrity and Insulin Secretion
As discussed above, studies of pancreatic islet ␤-cell-specific knockout of PKC in mice have shown that aPKC is required for expression of a number of enzymes needed to maintain ␤-cell proliferation and integrity, insulin-synthesizing machinery, and subsequent release of insulin during glucose stimulation (19) . In addition, studies with inhibitors suggest that aPKC is directly required for mediating insulin secretory signals during acute carbachol stimulation (52); however, whether aPKC participates in mediating acute signaling responses during glucose-dependent insulin secretion is uncertain.
Of further note, incretins such as glucagon-like peptide-1 activate aPKC in islet ␤-cells and cause aPKC to translocate to the nucleus; moreover, aPKCs are required for incretin-induced increases in ␤-cell proliferation, insulin gene expression, and synthesis of metabolic enzymes (11) . As such, these incretins or factors that diminish their degradation are widely used as therapeutic agents to improve insulin secretion in early phases of type 2 diabetes.
aPKC Requirements for Suppression of Appetite in CNS Centers
Appetite suppression in CNS hypothalamic centers is mediated by multiple factors, including leptin, insulin, and inflammatory substances such as lipopolysaccharide (LPS). LPS is known to activate Toll receptors, which in turn activate aPKC. Although each of these factors activates aPKC in these hypothalamic centers, a role for aPKC in suppressing appetite has been observed only during LPS treatment (54) . The failure to find a requirement for aPKC during the actions of leptin and insulin indicates that other PI3K-dependent factors such as Akt are sufficient for appetite-suppressive effects of these agonists; whether aPKCs function redundantly in these appetite-suppressive effects of leptin and insulin is uncertain.
Deficient Levels and Activity of Muscle aPKC in Human Type 2 Diabetes Mellitus
Levels of immunoreactive aPKC are diminished substantially in muscles of type 2 diabetic humans (6, 7, 22) . The reason for deficiency of muscle aPKC in human type 2 diabetes mellitus is uncertain, but this deficiency appears to be limited to humans, since it is not seen in rodent (51) or nonhuman primate (50) models of diabetes. In addition to the partial deficiency of aPKC in muscles of type 2 diabetic humans, the activation of residual aPKC is impaired, as evidenced by the fact that the specific enzyme activity of aPKC and its responsiveness to PIP 3 are diminished in muscles of type 2 diabetic humans (7). Interestingly, this impairment in aPKC activity and responsiveness in human diabetic muscle can be reversed by metformin treatment (28) , perhaps via improvements in hepatic lipid metabolism and serum or muscle lipids or possibly via improvements in other factors that may adversely affect aPKC activity. On the other hand, metformin treatment does not improve aPKC levels in muscles of type 2 diabetic subjects (28) .
Unlike the situation in muscle, preliminary findings (unpublished observations) indicate that aPKC levels are normal in livers of type 2 diabetic humans; moreover, the activation of aPKC by insulin in cultured hepatocytes of type 2 diabetic humans is normal or elevated despite decreases in Akt activity. These alterations in hepatic aPKC (i.e., conserved) and Akt (i.e., impaired) activity in diabetic humans are similar to those observed in type 2 diabetic rodents (36, 51) and may explain why there are paradoxical increases in hepatic outputs of both lipids (via increased aPKC action) and glucose (via diminished Akt action) in diabetic states.
It is important to emphasize that the combination of diminished levels and/or activity of aPKC in muscle, coupled with conserved levels and activity of aPKC in liver, is particularly problematic since it would produce a syndrome of insulin resistance and hyperinsulinemia owing to defective insulin action on aPKC in muscle but, in contrast, overproduction of hepatic lipids and cytokines owing to excessive insulin action on liver aPKC. Hepatic lipids and cytokines in turn would provoke further increases in insulin resistance, thus producing a self-perpetuating vicious cycle. These abnormalities would be heightened further by deficient activation of Akt in both muscle and liver.
Diminished aPKC Activity in Human Obesity
Obesity is a prominent feature of the metabolic syndrome and a common antecedent to type 2 diabetes. Interestingly, in myocytes isolated from obese glucose-intolerant humans and subsequently passaged in culture, there are reductions in insulin-stimulated aPKC activity and glucose transport (57) . Also, in muscles of obese glucose-tolerant humans, there are reductions in insulin-stimulated aPKC activity and glucose disposal, as measured in hyperinsulinemic euglycemic clamp studies (8, 22) . As in type 2 diabetes, the ability of PIP 3 to directly activate aPKC is impaired in muscles of these obese subjects (8); however, different from type 2 diabetes, total aPKC levels are normal in muscles of obese nondiabetic humans (8, 22) . In this regard, note that individual protein and mRNA levels of PKC and PKC have not been examined, and there are no longitudinal studies to see whether obese subjects develop aPKC deficiency as they develop type 2 diabetes.
As in muscle, in adipocytes obtained by differentiation of preadipocytes isolated from subcutaneous fat depots of obese humans and subsequently passaged in culture, there are reductions in insulin-stimulated aPKC activity and glucose transport relative to adipocytes obtained from lean humans (40) . On the other hand, aPKC levels are not diminished in adipocytes derived from obese subjects (40) . The defect in aPKC activation in adipocytes from obese subjects appears to be due to both deficient activation of IRS-1-dependent PI3K and diminished aPKC responsiveness to PIP 3 (40) .
It is interesting that the above-described defects in insulinstimulated aPKC activation to insulin and PIP 3 in cultured myocytes and adipocytes of obese subjects persist in passaged cells, i.e., after removal from extrinsic factors (40, 57) . On the other hand, metformin improves aPKC responsiveness to PIP 3 , but not aPKC levels, in muscles of type 2 diabetic subjects (28) , and this defect in responsiveness to PIP 3 is obviously reversible. Further studies are needed to elucidate the mechanisms that diminish aPKC responsiveness to PIP 3 in states of obesity and type 2 diabetes.
Role of Conventional and Novel PKCs in Metabolic Functions
Although this review is focused on aPKCs, insulin provokes increases in activities of cPKCs and nPKCs, but the roles of these PKCs during insulin action are uncertain. With respect to glucose transport, expression of wild-type, constitutive, and kinase-inactive cPKCs (cPKC␣ and -␤) and nPKC (nPKC␦ and -ε) failed to alter insulin-stimulated GLUT4 translocation in rat adipocytes (4) . In addition, specific inhibition of cPKC␤ with chemical inhibitors and effective depletion of cPKC␣, -␤1, and -␤2 and nPKC␦ and -ε following prolonged PE treatment failed to alter insulin-stimulated glucose transport in L6 myotubes (3). We have also examined both PKC␣-(58) and PKC␤-knockout mice (46) , and in both cases insulin effects on glucose transport in both isolated adipocytes and muscle strips were increased, presumably reflecting that these cPKCs, if anything, exert inhibitory effects on glucose transport, presumably via inhibition of the insulin receptor and subsequent signaling to PI3K, Akt, and aPKC. To summarize, we do not believe that cPKCs and nPKCs are required for insulin-stimulated glucose transport in muscle and adipocytes of rodents. This does not rule out the possibility that cPKCs and nPKCs may be involved in glucose transport effects of insulin in other cell types or during action of noninsulin agonists.
To our knowledge, the importance of cPKCs and nPKCs during insulin actions on hepatic functions has not been studied, but it seems doubtful that the cPKCs and nPKCs would function similarly to aPKCs in the liver.
On the other hand, there is little doubt that the activation of cPKCs or nPKCs by glucose, fatty acids, or, for that matter, insulin itself plays important roles in the pathogenesis of diabetic complications and systemic insulin resistance.
Concluding Remarks
As summarized in Table 1 , aPKCs serve as essential signaling factors in a wide range of metabolic functions, including insulin-stimulated glucose transport in muscle and adipose tissues, insulin-stimulated lipogenesis in liver, maintenance of hepatic output of glucose during fasting, insulin-induced activation of inflammatory/immune responses in liver and perhaps other tissues, and insulin secretion by pancreatic islet ␤-cells. Each of these metabolic functions is essential for survival and well being during periods of intermittent and limited food intake; from this viewpoint, most aPKC-dependent processes would be considered as "good". However, in situations wherein food intake is frequent and excessive, the remarkable efficiencies of aPKC-dependent processes in the liver that result in inordinate increases in lipogenic, glucogenic, and cytokine-producing enzymes would be conducive to development of metabolic syndrome features and ultimately to type 2 diabetes mellitus and atherosclerosis; in this context, these aPKC-dependent processes would be considered as "bad." Moreover, the tendencies for development of metabolic and diabetic syndromes would be intensified further by a concomitant deficiency in aPKC activation in muscle, as is known to exist in type 2 diabetes.
In view of these considerations, there are critical needs to 1) develop a better understanding of why aPKC activation and/or levels are deficient in muscle but conserved in liver in states of obesity and type 2 diabetes mellitus, 2) determine the chronological point at which defects in muscle aPKC activation and/or levels begin in human obesity and diabetes syndromes, and 3) elucidate mechanisms that underlie deficiencies in aPKC mRNA and protein selectively in muscles of type 2 diabetic humans.
Perhaps even more importantly, i.e., to develop newer and more effective treatments for the metabolic syndrome and type 2 diabetes, there is a critical need to develop treatments that result in effective inhibition of hepatic aPKC without compromising glucose tolerance. Accordingly, it would be particularly advantageous if we were able to develop agents that selectively or preferentially inhibit hepatic aPKC while sparing aPKC activation in muscle, adipocytes, and pancreatic islet ␤-cells. On the other hand, it is possible that the inhibition of hepatic aPKC would not only ameliorate lipid and cytokine abnormalities but would also diminish gluconeogenesis and hepatic glucose output to an extent that offsets any deleterious effects of aPKC inhibition in muscle and ␤-cells. These possibilities are currently under investigation. 
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